Artificial selection in rat has yielded high capacity runners (HCR) and low capacity runners (LCR) that differ in intrinsic (untrained) aerobic exercise ability and metabolic disease risk. To gain insight into how oxygen metabolism may have been affected by selection we compared mitochondrial function, oxidative DNA damage (8-dihydroxyguanosine; 8dOHG), and antioxidant enzyme activities in soleus muscle (Sol) and gastrocnemius muscle (Gas) of adult and aged LCR versus HCR rats. In Sol of adult HCR rats maximal ADP-stimulated respiration was 37% greater, whereas in Gas of adult HCR rats there was a 23% greater complex IV driven respiratory capacity and 54% greater leak as a fraction of electron transport capacity (suggesting looser mitochondrial coupling) versus LCR rats. H 2 O 2 emission per g of muscle was 24-26% greater for both muscles in adult HCR rats versus LCR, although H 2 O 2 emission in Gas was 17% lower in HCR after normalizing for citrate synthase activity (marker of mitochondrial content).
INTRODUCTION
Artificial selection for high (HCR) versus low (LCR) running capacity in rats has generated a unique animal model system for dissection of aerobic endurance capacity and its correlated traits. The major hypothesis is that functional alleles at multiple interacting loci that determine intrinsic aerobic capacity have been enriched or fixed differentially by selection pressure applied across several generations. By using a rotational breeding paradigm that minimizes the coefficient of inbreeding (37) , the divergent selected lines maintain genetic complexity (55) and when bred concurrently serve as reciprocal controls for unknown environmental changes.
Consistent with the importance of mitochondria to aerobic metabolism during exercise (26), there is mounting evidence that selection for low and high running capacity has led to significant divergence in mitochondrial content and function between HCR and LCR rats, and that these differences play a crucial role in explaining the differential disease susceptibility between these strains (74) . For example, the gastrocnemius muscle (primarily mixed fast twitch fiber type; (6)) of HCR rats has greater citrate synthase enzyme activity (29) and the soleus muscle (primarily slow twitch fiber type; (6)) of HCR rats has higher protein expression of cytochrome oxidase (COX) subunit I and the mitochondrial uncoupling protein, UCP2 (74) . In addition, small permeabilized fiber bundles of soleus muscle exhibit a greater sensitivity to creatine-stimulated respiration in HCR rats (73) . Because altered mitochondrial function and imbalance in reactive oxygen intermediates are thought to be central to aging (47) and chronic disease (56) , we examined mitochondrial function via high resolution respirometry and fluorometric measurement of hydrogen peroxide (H 2 O 2 ) emission in small permeabilized muscle bundles from LCR and HCR rats in adult and old age groups. To provide insight into how the expected differences in mitochondrial function between HCR and LCR rats affected oxidative stress responses, we examined oxidative DNA damage via measurement of 8-dihydroxy-guanosine (8dOHG), antioxidant enzyme activities, and the oxidative DNA repair enzyme, 8-oxoguanine glycosylase (OGG1). Based upon previous reports of elevated markers of muscle mitochondrial enzymes (29, 30, 49) and higher mitochondrial uncoupling protein expression (49, 74) in skeletal muscle of HCR rats, we hypothesized that HCR rats would exhibit alterations in mitochondrial function that would represent a balance between those that favor aerobic metabolism (e.g., high muscle respiratory capacity) and those aimed at minimizing oxidative damage (e.g., low ROS production and/or enhanced antioxidant enzyme activity). We also hypothesized that these adaptations would result in a lower abundance of 8dOHG in skeletal muscle of adult HCR rats and that this benefit would be maintained with aging.
Materials and Methods

Animals
The selection experiment yielding HCR and LCR rats has been described in detail previously (37) . In brief, animals were selectively bred for intrinsic (untrained) endurance running capacity from a founder population of 96 male and 96 female heterogeneous rats from N:NIH stock. Intrinsic running capacity was tested in young adult rats (~3 months old), with a velocity-ramped treadmill test beginning at a speed of 10 m x min -1 (elevation of 15°) and increasing 1 m x min -1 every 2 min until exhaustion. Thirteen breeding pairs with the highest recorded time to exhaustion were bred and the thirteen breeding pairs with the lowest time to exhaustion were bred to generate contrasting models that by generation eleven differed in running distance by 347% (74) . For the present experiments, twenty male (10 HCR and 10 LCR) rats from generation 21 were obtained for the adult groups, and 14 male (7 HCR and 7 LCR) rats from generation 20 were obtained for the aged groups. All breeding and tests for intrinsic running capacity were done at the University of Michigan (Ann Arbor, MI) and then the rats were air shipped to the University of Calgary for further study.
The University of Calgary Animal Care Committee approved all experimental methods subsequently described. Upon arrival at the University of Calgary animals were housed individually in cages with filter bonnets at the biological sciences vivarium (12:12-h light-dark cycle, ambient temperature = 22 o C) without access to a running wheel. Animals were given standard chow and water ad libitum. Animals for the adult age group arrived at our institution at 8 months old and were sacrificed at 13-15 months of age. Rats for the aged group were 15-17 months of age upon arrival and we waited seven months before sacrificing these animals at an age of 22-24 months (approximately the 50% survival rate for LCR rats; S.L. Britton and L.G. Koch, unpublished results).
Across time, one LCR rat in the adult group died leaving nine LCR rats for study, and one HCR rat and four LCR rats in the aged group died leaving six HCR and three LCR rats in the old age groups. Due to the low sample size in the aged animals, particularly in LCR rats, all data for aged animals are reported in the supplemental data.
Muscle harvesting and preparation of muscle fiber bundles
Animals were anesthetized with 50-60 mg⋅kg -1 sodium-pentobarbital (i.p.). Upon establishing deep surgical anesthesia, the right soleus (Sol) and gastrocnemius (Gas) muscles, which are representative of largely slow twitch and largely fast twitch muscles, respectively (6), were harvested and placed in ice cold buffer X containing 7.23 mM K 2 EGTA, 2.77 mM CaK 2 EGTA, 20 mM Imidazole, 0.5 mM Taurine, 5.7 mM ATP, 14.3 mM PCr, 6.56 mM Cl 2 -6H 2 0, and 50 mM MES (pH 7.1). These are also muscles recruited during locomotor behavior in the rat (41) , and thus, likely to exhibit traits favoring high running capacity in HCR animals. Next, the left Sol and Gas muscles were removed and rapidly frozen in liquid nitrogen. The left Gas was pulverized under liquid nitrogen to create a homogenous powder and facilitate representative sampling of all fiber types in this muscle. Muscle samples were stored at -80 o C until analyzed for oxidative DNA damage, antioxidant enzyme activities, and OGG1 content (see below). Following muscle harvest, the rats were promptly euthanized by cardiac removal.
To obtain distinct representation of slow oxidative versus fast oxidative muscle fibers, (4), small fiber bundles (~3-5 mg) were cut from the Sol muscle (largely slow twitch in rat (6) ) and from the red region of Gas muscle (Gr; approximately 50% fast oxidative fibers in rat (6)) of the right leg, placed in ice cold buffer X and manually teased apart (leaving connections at various points between individual fibers) with sharp ended needles. Samples were then either incubated in buffer X with 100 μL saponin for 
Cryopreservation of muscle fiber bundles
We cryopreserved 2-3 muscle bundles of each fiber type per animal using a cryopreservation method shown previously to have minimal effects on mitochondrial function in small muscle fiber bundles (38) . This method involved placing muscle fiber bundles in polyethylene tubes containing 100 μl buffer X supplemented with 30% dimethyl sulfoxide (DMSO) and 10 mg·ml 
H 2 O 2 production
The long duration of the respirometry protocols precluded assessment of H 2 O 2 production on the same day as tissues were harvested. As such, in preliminary experiments, we determined the impact of bundle cryopreservation on H 2 O 2 production using small fiber bundles prepared from the soleus muscle of a Sprague-Dawley rat, using a cyropreservation method shown previously to preserve mitochondrial respiratory capacity (38) . Eight bundles were immediately prepared for study (as below), whereas five bundles were prepared for cryopreservation as described above. One week after freezing, the cryopreserved bundles were thawed and used in preliminary experiments.
All other methods for these preliminary trials were the same as for the LCR and HCR comparisons (below). As we observed similar H 2 O 2 production in cryopreserved bundles and freshly prepared bundles for all conditions except state I (basal H 2 O 2 release; see 
Citrate Synthase Activity
Muscle bundles frozen following the respirometry measurements were used in measurement of citrate synthase enzyme activity by the method of Srere (67), following mercaptide ion production in a spectrophotometer at 412 nm. All methodology was carried out as we have described previously (27), with the exception that we adapted the protocol to permit use with a 96-well plate format. Briefly, previously frozen muscle bundles were thawed on ice, weighed and homogenized on ice with a hand homogenizer in homogenizing buffer (1:200 ratio) containing 100 mM KPO 4 
Measurement of Oxidative DNA Damage
Total genomic DNA (nuclear and mitochondrial) was extracted from portions of the Sol and Gas muscles using QIAmp DNA Mini kit (Qiagen, Mississauga, ON) as per manufacturer instructions. The concentration of the isolated DNA was determined using NanoDrop ND-1000 UV-Vis spectrophotometer (ThermoScientific, Ottawa, ON). The DNA concentrations ranged from 400-800 ng x μL 
Antioxidant Enzyme Activities
Frozen tissue samples (15-20 mg of Sol and 20-30 mg of powdered Gas) were rapidly weighed and homogenized using a Potter-Elvehjem homogenizer at 4 °C, in a buffer containing KH 2 PO 4 (100 mM), DTT (1 mM), and EDTA (2 mM), at a pH of 7.4.
After centrifugation (3000 g for 5 min), the supernatant was used for the enzymatic assays. Superoxide dismutase (SOD) activity was assayed spectrophotometrically (at 550 nm) by monitoring the rate of acetylated cytochrome c reduction by superoxide radicals generated by the xanthine-xanthine oxidase system at 25 °C in reaction buffer (xanthine 0.5 mM, cytochrome c 0.2 mM, KH 2 PO 4 50 mM, and EDTA 0.1 mM, pH 7.8) (20) . One activity unit of SOD is defined as the amount of enzyme that inhibits the rate of acetylated cytochrome c reduction by 50%. To distinguish manganese-SOD (MnSOD), which is exclusively located in mitochondrial matrix, from copper zinc-SOD (CuZnSOD), which is primarily located in the cytosol and to a lesser degree in the mitochondrial intermembrane space (43, 50), SOD activity was determined after incubation with NaCN (1 mM). At this concentration, cyanide inhibits the CuZnSOD isoform of the enzyme, but does not affect the MnSOD isoform (20) . SOD activity was expressed as units per gram of total protein. 
RESULTS
Running Capacity and Body weight
Descriptive data for LCR and HCR rats for adult groups are provided in Table 1 .
Data from aged LCR and HCR rats are provided in supplemental Table 1 . LCR rats were significantly heavier than HCR rats. In addition, in another cohort of adult animals we have observed that HCR rats are markedly leaner, exhibiting a body fat of 13.5 ± 1.5% versus 21.4 ± 2.0% in LCR animals (R.T. Hepple, unpublished). Running capacity assessed at 11 weeks of age was 8-to 9-fold greater in the HCR rats, regardless of the generation in the selection experiment (Table 1 and Supplemental Table 1 ).
Citrate synthase activity
In Sol muscle bundles from adult animals, there was no detectable difference between HCR and LCR groups (Table 2 ). However, in Gr muscle bundles HCR rats had significantly greater CS activity compared to LCR. In the aged animal groups (Supplemental Table 2 ), CS activity was higher for both Sol and Gr in the HCR animals.
Respirometry
There were no significant increases in oxygen consumption following the addition of exogenous cytochrome c (data not shown), indicating that the permeabilization procedure did not disrupt the mitochondrial outer membrane. For Sol muscle bundles in adult animals two-way ANOVA showed a significant main effect for selection group, with HCR having higher O 2 flux than LCR (Fig. 1A) , but no interaction between substrate condition and selection group. In Gr muscle there were significant interactions between both selection group and substrate condition, with post hoc tests revealing significantly higher flux in HCR animals during TMPD + Asc stimulated respiration (Fig. 1B) . In aged animals two-way ANOVA revealed no significant interaction between selection group and substrate condition in either Sol or Gr muscle bundles (Supplemental Fig. 2A and 2B, respectively). Similarly, there were no significant main effects for selection group in either muscle in the aged animals.
In adult animals normalization of respirometry measures to CS activity (used as a proxy for mitochondrial content) resulted in no interactions; however, main effects indicated significant differences, with higher respiratory capacity in Sol muscle bundles of HCR rats and lower respiratory capacity in Gr muscle bundles of HCR rats ( Fig. 1C and 1D, respectively). In aged animals normalization to CS activity yielded significant main effects for selection group in Sol and Gr muscle bundles, with LCR having significantly higher respiratory capacity than HCR (Supplemental Fig. 2C and 2D, respectively).
In adult animals, whereas the proportion of electron transport capacity (FCCP) attributable to leak (state II with glutamate and malate as substrates) was not different between HCR and LCR groups in Sol muscle bundles, it was significantly greater in Gr muscle bundles of HCR animals (Fig. 2) . In the aged animals (Supplemental Fig. 3 ), the proportion of electron transport capacity attributable to leak did not differ by selection group in either Sol or Gr muscle bundles.
H 2 O 2 production
In adult animals there were no significant interactions between selection group and substrate condition for H 2 O 2 production in either Sol or Gr muscle bundles.
Significant main effects were found, however, with higher H 2 O 2 production in both Sol and Gr muscle bundles in HCR versus LCR rats (Fig. 3A and 3B, respectively) .
Similarly, in aged animals there were no significant interactions between selection group and substrate condition for either muscle, whereas there were significant main effects for selection group in Gr muscle only, with HCR animals having a higher H 2 O 2 emission than LCR animals (Supplemental Fig. 4B ).
In adult animals, normalization of H 2 O 2 emission to CS activity did not change the greater H 2 O 2 production in Sol muscle bundles of HCR versus LCR rats (Fig. 3C); however, due to greater CS activity in Gr muscle in HCR rats, there was a lower H 2 O 2 production per unit of CS activity in Gr muscle of HCR versus LCR rats (Fig. 3D) . In aged animals, although normalization to CS activity had no impact on the lack of differences in H 2 O 2 between selection groups seen in Sol muscle bundles (Supplemental Fig. 4C ), there was a significant interaction between selection group and substrate condition in Gr muscle bundles, with lower H 2 O 2 production in HCR than LCR rats in the succinate condition ( Supplemental Fig. 4D ).
Oxidative DNA Damage
In both adult (Fig. 4) and aged (Supplemental Fig. 5 ) animals, 8-OHdG content, an indicator of oxidative DNA damage, was significantly lower in HCR animals compared to LCR animals for both the Sol muscle and Gas muscle .
Antioxidant Enzyme Activities
In adult animals total SOD activity in the Sol muscle was greater in HCR rats due to greater activity of both MnSOD and CuZnSOD (Fig. 5A) . In Gas muscle, total SOD activity also tended to be greater in HCR rats (p=0.057) but only due to greater activity of CuZnSOD (Fig. 5B) . In aged animals, there were no differences in SOD activity between selection groups in either muscle (Supplemental Fig. 6A and 6B ).
In adult animals there was a trend (p=0.07) for a greater CAT activity in the Sol muscle of HCR rats (Fig. 5C) , and no difference in GPx activity between selection groups in either muscle (Fig. 5D) . In aged animals, CAT activity was significantly greater in the Sol muscle of HCR animals (Supplemental Fig. 6C ), whereas GPx activity was not different between selection groups in either muscle (Supplemental Fig. 6D ).
OGG1 Protein Expression
There were no detectable differences in the protein expression of the DNA repair enzyme, OGG1 between selection groups in adult animals in either SOL or Gas muscle using β-tubulin as a loading control (Fig. 6) . Similarly, there no difference in OGG1 expression between selection groups in aged animals (Supplemental Fig.7) . Note that these analyses were repeated with sarcomeric actin as a loading control with the same result (data not shown).
DISCUSSION
Rats selectively bred for high intrinsic running capacity also exhibit markedly lower risk for metabolic disease (11, 49, 69) . Given the association between mitochondrial dysfunction and metabolic disease risk (34) and the suspected involvement of reactive oxygen by-products in this association (28, 64) , we examined mitochondrial function and markers of oxidative stress responses in a slow twitch muscle (Sol) and a fast twitch muscle (Gas) of HCR and LCR rats. Adult HCR rats had greater maximal ADP-stimulated respiration in Sol muscle bundles and greater TMPD-Asc stimulated respiration in red region of Gas muscle (Gr) muscle bundles (suggesting greater mitochondrial complex IV activity in the fast oxidative region of this mixed fiber type muscle). Despite greater H 2 O 2 emission per g of muscle in both Sol and Gr in adult HCR rats, adult and aged HCR rats exhibited lower 8dOHG levels in both Sol and Gas muscles. This lower oxidative damage despite greater ROS production was explained by greater total SOD activity in Sol and Gas of adult HCR rats, and a trend to greater CAT activity in Sol of adult HCR rats (P=0.07); there was no difference in the DNA repair enzyme OGG1. We conclude that HCR rats exhibit superior cellular responses to oxidative stress versus LCR rats, providing valuable insight into the mechanisms underlying metabolic disease resistance in HCR rats.
Muscle Respiratory Capacity
Previous studies show that HCR rats have higher markers of mitochondrial content in their locomotor muscles. Specifically, citrate synthase activity (29, 30, 49 ) and the expression of various mitochondrial proteins (74) are higher in the Gas muscle and Sol muscle, respectively, of adult HCR rats. The only prior study to examine mitochondrial respiratory capacity directly observed a greater mitochondrial sensitivity to ADP in the presence of creatine in fiber bundles of Sol muscle in HCR rats (73) . Our results show that Sol fiber bundles exhibited greater maximal ADP-stimulated respiration in adult HCR versus LCR rats. In contrast, although bundles of the Gr muscle fibers in adult HCR rats had similar maximal ADP-stimulated respiration, they had a greater TMPD-Asc stimulated respiration, indicating a greater capacity of complex IV in the mitochondria of this fast oxidative muscle region in adult HCR rats. In addition, the proportion of electron transport capacity that was attributable to leak, which is one index of mitochondrial coupling (21) , was greater in Gr of adult HCR rats. Both the greater relative complex IV capacity and the greater leak as a fraction of electron transport capacity would be expected to reduce mitochondrial ROS generation in Gr of adult HCR rats (see below). Prior studies have noted an increased expression of mitochondrial uncoupling proteins in muscles of HCR rats (49, 74) , which may explain the looser coupling we observed. The looser coupling in Gr of HCR rats is similar to what occurs in muscles of exercise-trained humans (8) .
After normalizing the respiration measures to a marker of mitochondrial content (citrate synthase activity) we observed a greater respiratory capacity per mitochondrion in Sol and a lower respiratory capacity per mitochondrion in Gr of adult HCR rats. Interestingly, our results show considerable modulation of the respiratory capacity per mitochondrion through artificial selection for intrinsic running capacity, which is distinct from the adaptation to exercise training where increases in muscle respiratory capacity parallel increases in markers of mitochondrial content (i.e., respiratory capacity per mitochondrion is constant) (12) . These results also suggest that the usual maintenance of mitochondrial enzyme stoichiometry seen with increases in mitochondrial content as a result of endurance training (17) can be modulated under the conditions governed within this selection experiment. Furthermore, our results demonstrate that adaptations of mitochondrial function are distinct between a slow oxidative muscle (greater respiratory capacity per mitochondrion in Sol) and a fast oxidative muscle (lower respiratory capacity per mitochondrion and looser coupling in Gr in HCR rats).
Mitochondrial Reactive Oxygen Species Generation and Oxidative Stress
ROS generated by mitochondria are an important component of normal physiological function (22, 62) but when excessive, can cause cellular damage and contribute to disease (63) . Our current results show that H 2 O 2 emission in fiber bundles is elevated by approximately 25% in both Sol and Gr muscles of adult HCR over LCR rats.
Whereas normalization of H 2 O 2 emission to citrate synthase activity (to obtain an index of ROS generation per mitochondrion) revealed greater H 2 O 2 emission per mitochondrion in Sol muscle of adult HCR rats, H 2 O 2 emission per mitochondrion was lower in the Gr muscle of adult HCR rats. This observation is consistent with the adaptations noted in the previous section where the Gr muscle of adult HCR rats exhibited a greater relative complex IV activity and looser coupling, both of which facilitate lower mitochondrial ROS production (5, 7, 18, 66) . A lower mitochondrial ROS production in the Gr muscle of adult HCR rats may represent an important adaptation to prevent ROS from reaching detrimental levels, while still permitting the benefits of having a higher mitochondrial content for running capacity in these animals (noting that citrate synthase activity was 44% greater in Gr of adult HCR rats versus adult LCR rats). It is also interesting that the lower ROS generation per mitochondrion observed in the Gr of adult HCR rats is similar to the lower mitochondrial ROS generation observed in muscle following adaptation to exercise training in mice (10). On the other hand, due to greater endogenous antioxidant capacity in the Sol, this muscle would have a larger buffer between physiological versus detrimental levels of ROS, and this may explain why in the Sol muscle selection for high running capacity permitted the beneficial effect of having a higher respiratory capacity per mitochondrion to dominate over adaptations that would temper ROS generation.
Note that although we used cryopreserved bundles in making the assessment of What is most striking about our results is that despite the greater ROS generation per g in both muscles of adult HCR rats, this did not translate to greater 8dOHG damage.
In fact, the adult HCR rats had 79% lower 8dOHG levels in Sol and 62% lower 8dOHG levels in Gas, revealing more than simply a proportionally increased ROS buffering capacity, but actually a superior oxidative stress response in HCR rats. Interestingly, these results are consistent with evidence linking mildly elevated oxidative stress to beneficial cellular adaptations (24, 71) , including the adaptations seen with exercise training (59) , where ROS generated during exercise (9) induce up-regulation of endogenous antioxidant defenses via activation of NF-κB and MAPK signaling pathways (32) . In this respect, we observed significantly greater SOD activity in both the Sol and Gas, and a trend to greater catalase activity (p=0.07) in Sol muscle of adult HCR rats, consistent with a ROS-induced up-regulation of endogenous antioxidant defenses in adult HCR rats. Although this is similar to what is seen with exercise training (57, 58) and heterozygous knockout of Mclk-1 in mice (39) , based on the divergent transcript responses to exercise training in HCR versus LCR rats (13) , HCR rats have a superior cell stress response in general rather than simply up-regulated antioxidant defenses secondary to higher ROS exposure.
Since oxidative damage to DNA can be repaired, principally by the DNA glycosylase OGG1 (35), we also determined whether differences in the protein expression of OGG1 might contribute to the lower 8dOHG levels in adult HCR rats.
However, as seen in Fig. 6 , we found no evidence that this was the case in either fast or slow muscle. Although we did not measure OGG1 activity per se in our experiments, it appears that the selection experiment for high running capacity differs from the adaptation to exercise training where OGG1 activity is up-regulated in both liver (46) and skeletal muscle (60) . This data also suggests that the primary factor responsible for the lower 8dOHG burden in the HCR animals was the up-regulation of endogenous antioxidants noted above.
Impact of Selecting for High Running Capacity on Aging
Although our limited sample size in the aged LCR group warrants some caution in our interpretations of the impact of aging on mitochondrial function in this model, the data had very little variability within each group and we can make some initial observations. Firstly, it is clear that some but not all of the mitochondrial function differences observed in adult HCR versus LCR rats are maintained with aging, and that the Sol muscle maintains fewer of these adaptations as a result of aging than does the Gr region of Gas muscle in HCR rats. Specifically, in aged HCR animals the Gr region still maintains a greater citrate synthase activity than in LCR animals and this is accompanied by a continued lower respiratory capacity per citrate synthase activity, and greater H 2 O 2 emission per g of muscle. On the other hand, in Sol muscle the greater respiratory capacity per citrate synthase activity and the greater H 2 O 2 emission (per g and per citrate synthase activity) seen in adult HCR animals are both lost with aging. In Gr muscle the lower H 2 O 2 emission per citrate synthase activity and greater leak as a fraction of electron transport capacity in adult HCR rats are both lost with aging. Similarly, the higher activity of SOD evident for both muscles of adult HCR animals is not sustained with aging (due to an age-dependent increase in SOD activity in LCR animals).
Notwithstanding these alterations, the lower burden of 8dOHG damage in both Sol and Gas muscle of adult HCR animals is maintained in aged animals, demonstrating continued protection against oxidative damage into old age for the HCR animals. Therefore, our results show that despite moderately elevated ROS generation in adult HCR animals, the superior endogenous antioxidant defenses in adulthood translate to reduced oxidative damage accumulation with aging.
Perspectives and Significance
The evolution of our understanding of the positive versus negative impacts of ROS on organism health is a work in progress, with recent evidence suggesting elevations in ROS and/or oxidative stress can actually be beneficial. Although early studies of the free radical theory of aging were consistent with ROS-induced damage playing an important role in aging (52, 61, 65) , subsequent studies have revealed this to be a much more complicated issue. For example, transgenic up-regulation of endogenous antioxidants in recent studies is often found to have no benefit for lifespan (51) . In addition, knocking out endogenous antioxidant defenses does not consistently shorten lifespan (72) and some interventions that exacerbate oxidative stress are found to paradoxically extend lifespan (40, 71) . Further to this emerging evidence that elevated ROS is not harmful to aging, but may also yield beneficial effects, we observed that although rats selected for high intrinsic running capacity exhibit elevated muscle ROS generation, they have a lower level of oxidative DNA damage that persists to old age.
Given the well-established metabolic disease resistance of HCR rats (49, 69, 74) , our results suggest that a modestly elevated ROS, coupled with a superior transcriptional response to stress (13) , may play an important role in resistance to metabolic disease, providing further evidence of the complexity of the responses to elevated ROS in normal physiology. Finally, the fact that this protection from oxidative damage continued into old age in HCR rats may foreshadow superior aging in this model as well. 
